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Thirty to 40% of estrogen receptor (ER) positive 
human breast tumors are resistant to endocrine ther- 
apy. To investigate the possibility that abnormal ER 
proteins may be associated with this endocrine re* 
sistant pbenotype we have looked for the presence 
of abnormally sized ER mRNA in human breast tumor 
biopsies. 

Poly(A T ) enriohed RNA was isolated from 46 hu- 
man breast tumor biopsies and analyzed by North- 
em blotting and hybridization with the human estro- 
gen receptor OR-a cONA. Seventy percent of the 
tumors contained detectable 6.5 kilobase <kb) ER 
mRNA. Some tumors also contained smaller sized 
ER mRNA of approximately 3.a and 2.4 kb. These 
variant sized transcripts were only detected In biop- 
sies where the normal 6,5 kb mRNA was present In 
some cases the abundance of the variant mRNAs 
was equal to or greater than the normal ER mRNA. 
The variant ER mRNAs wore not due to nonspecific 
RNA degradation nor was there any evidence of 
gross alteration of the ER gene in tumors where 
variant mRNAs were detected. 

ER cONA fragments representing only the E/F 
domain of the receptor showed little or no hybridi- 
zation with the variant sized ER mRNAs, while a ER 
cONA fragment covering the A/B, C and 0 domains 
hybridized to both the variant and normal ER 
mRNAs. This suggested that the smaller variant ER 
mRNAs may be missing some or afl of the E/F 
domain which Is thought to contain the steroid hor- 
mone binding domain of the receptor 

It Is hypothesized that if these Intermediates were 
translated Into viable proteins they may Interfere 
with the normal ER function. (Molecular Endocrinol- 
ogy 3: 687-693, 1989) 



INTRODUCTION 

At presentation only 30-40% of Human breast cancers 
are harmonaiiy dependent, that is they will respond to 
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some form of endocrine therapy, e.g. ovariectomy, hy- 
pophysectomy, antiestrogen, or high dose estrogen 
therapy. However, the majority of human breast can- 
cers originate as hormonally dependent tumors since 
ovariectomized, nonestrogenized women (Turner's 
"syndrome) and males rarely develop breast cancer (1). 
While the mechanisms responsible for hormone de- 
pendence In human breast cancer are complex and 
poorly understood, the likelihood of response to endo- 
crine therapy, e.o\ the antiestrogen tamoxifen, corre- 
lates strongly with the presence of estrogen receptors 
(ER) (2). Although our previous studies (3) and those 
from other laboratories foaye Identified an additional 

Hir^ tamoxifen is an extremely use- 

ful agent In the treatment of breast cancer It is rarely if 
ever curative since there Is, almost invariably, the de- 
velopment of resistance to tamoxifen In the breast 
tumors of those patients who had previously re- 
sponded. Furthermore, there is a large subset (-30- 
40%) of ER-positive patients who fall to respond to this 
agent (5). In some cases tamoxifen resistance may be 
due to the selection of a nominally independent clone, 
/.a ER-negatfve, from an initially heterogeneous tumor, 
.but In other cases the tumor remains ER positive and 
interestingly, will often subsequently respond to another 
form of hormonal manipulative therapy such as proges- 
tin, stilbestrol, chemical, or surgical adrenalectomy (6). 

The cONA cloning of many members of the steroid 
hormone receptor family has led to the observation that 
this gene family displays sequence similarity to v-erb A, 
a truncated form of c-erb A which encodes the thyroid 
hormone receptor. The protein product of v-erb A does 
not bind ligand and It has been suggested that its ability 
to potentiate the transforming activity of v-erb B Id due 
to it being a T 4 -lndependent transcription factor (7, 8), 
Moreover, deletion mutants of the glucocorticoid recep- 
tor which no longer bind hormone have been shown to 
be constitutive transcription activators (9, 10). Similar 
studies with the estrogen receptor have shown that 
deletion of most or all of the hormone binding domain 
leads to constitutive transcriptional activity, albeit mark- 
edly reduced, when compared to the intact receptor. 
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These mutants, however, were still efficient in binding 
to estrogen responsive elements (11), These studies 
suggest that steroid hormones may not be essential to 
achieve rece^ 

/iffflfct 

r development of 




sortie human BteSst cancer 



RESULTS 
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Northern Analysis of RNA Isolated from Human 
Breast Tumor Biopsy Samples 

A total of 46 human breast cancer biopsy specimens of 
sufficient size (0.8-2 g) such that enough RNA could 
be isolated for subsequent poly(A*) enrichment was 
subjected to Northern blot analysis. Hybridization of the 
resulting blot with a human ER cDNA [OR-8 (12)] 
demonstrated the presence of one major mRNA of 
approximately 6.5 kilobases (kb) in 70% of the breast 
tumors analyzed, The presence of this transcript in the 
main correlated with the presence of ER as determined 
by classical binding assays. However, two tumors were 
found to be negative by binding assay (<3 fmol/mg 
protein) but contained detectable ER mRNA and one 
tumor was borderline ER positive (3.7 fmoi/mg protein) 
by binding assay but did not contain ER mRNA, Sur- 
prisingly, in some tumors the OR-8 ER cDNA probe 
was found to also hybridize with mRNA species which 
were of smaller size (Fig. 1). The two most commonly 
occurring variant sized transcripts were of approxi- 
mately 3.8 and 2,4 kb. Occasionally a 4.5-kb transcript 
was also observed. White a minor transcript of about 4 
kb can also be seen together with the 6.5 kb transcript 
in ER positive breast cancer cell lines (13, 13a), we and 
others have not observed the other variant sized tran- 
scripts in breast cancer cell lines (13-14) or human 
endometrium (14). Examples of tumor RNA containing 
normal and variant sized estrogen receptor mRNA are 
presented in Figs, 1A and 2A« The presence of variant 
sized ER mRNAs was not associated with any obvious 
nonspecific degradation of RNA as shown by ethidium 
bromide staining (Fig. 1C and 2B) and the ability to 
detect by specific hybridization the 5 kb epidermal 
growth factor (EGF) precursor RNA on the same blots 
,(FIg. 1B), Hybridization of the OR-8 cDNA probe with 
the Wots using more stringent (50 C, 50% formamide) 
conditions yielded the same results. This suggests that 
the smaller sized ER mRNA species were unlikely to 
be due to cross-hybridization with another similar but 
unique member of the ERB-A family. 

When the 46 tumors were divided into low ER binding 
(<20 fmol/mg prtrtein) and high ER binding (>20 fmol/ 
mg protein) 33% and 60%, respectively, contained var- 
iant sized ER mRNAs, It should be emphasized, how- 
ever, that variant sized ER mRNAs were detected only 
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Fig. 1. Northern Analysis of Po*y(A*) Enriched RNA Isolated 
from Some Human Breast Tumor Biopsies 

A. Twenty micrograms of poty(A*) enriched RNA isolated 
individually from eight human breast tumor biopsy samples 
was analyzed by Northern Wotting. The blot was hybridized 
with the human ER cDNA OR-8 and the results visualized by 
exposure to x-ray film overnight with an intensifying screen. 
Arrows show the positions of the residual 28S and 18S rfbo- 
somaJ RNA as indicated. The calculated size of each hybrid- 
izing band is shown on the f/gAr-hand side of the diagram, 8, 
The same btot as above hybridized with the human EGF cDNA. 
C, Ethidium bromide staining of the above RNA gel before 
transfer to the nitrocellulose filter. 



In biopsies where the normal 6.5 kb mRNA was present. 
On no occasion have we observed variant sized tran- 
scripts In the absence of the normal transcript. How- 
ever, in some tumors as shown in Rg. 2A, lanes 3 and 
5, the variant sized transcript or transcripts are as 
abundant or more abundant than the normal 6.5 kb 
transcript. 

Structural Analysis of Variant Sized ER mRNAs in 
some Human Breast Tumor Biopsy Samples 

To further understand the structure of the smaller ER 
mRNAs in relation to the 6.5 kb mRNA, the OR-8 CDNA 
was subdoned into two fragments as shown in Rg. 3, 
the J fragment representing the regions encoding the 
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Rg. Z Northern Analysis of Poiy(A*) Enriched ANA Isolated 
from Another Series of Human Breast Tumor Biopsies 

A, Thirteen micrograms of poly(A*) enriched PNA isolated 
individually from another group of seven human breast tumor 
biopsies (lanes 1-7) and T-47D ceils {lane 8) was analyzed by 
Northern blotting. The blot was hybridized with the human ER 
cDNA OR-8 and the results visualized by exposure to x-ray 
film tor 24 h with an Intensifying screen. Arrows show the 
positions of the residual 28S and 18S ri&osomai RNA as 
Indicated. The calculated size of each hybridizing band is 
shown on the right-hand side af the diagram. 8, Ethidlum 
bromide staining of the above RNA gel before transfer to the 
nitrocellulose filter. 



A/B ( C, and D domains of the receptor and O fragment 
representing primarily the regions encoding the E and 
F domains of the receptor. Although the J fragment 
hybridized to all ER transcripts the O fragment showed 
reduced or no hybridization to the smaller variant sized 
estrogen receptor transcripts (Figs. 4 and 5). This sug- 
gested that the smaller transcripts may be missing 
some or all of that area encoding the E/F domain which 
is thought to contain the steroid hormone binding do- 
main of the ER. 

Structural Analysis of the ER Gene In Some Human 
Breast Tumor Biopsy Samples 

The structure of the ER gene in tumors showing normal, 
normal plus variant sized, and no ER mRNA was inves- 



tigated next DNA was isolated from two to three 
samples of each of the tumor categories stated above 
and analyzed by Southern blotting, The results of Pvull 
and Psfl restriction digests are shown in Fig. 6, A and 
B, respectively. No deletions or gross rearrangements 
could be observed In the ER gene in this series of 
tumors. The Pvuil restriction enzyme digest confirmed 
the presence of six invariant restriction fragments [1 9,5, 
7.24, 5.75, 3.89, 3.24, and 1.07 kitobase pairs (kbp)] 
plus the presence of a restriction fragment length pol- 
ymorphism (RFLP) in two other bands of 1 74 and 0.78 
kbp (16), This RFLP was not correlated with the pres- 
ence or absence of variant sized ER mRNA although in 
this small group of tumors it was associated with little 
or no ER binding activity. The ER content of each tumor 
(1^9) as measured by classical binding assay was 19.4, 
6.6, 3,3, 9.4, 39, 55, 21, 1.1, 0.8 fmol/mg protein, 
respectively. The tumors which were homozygous for 
the 0-78 kbp RFLP (tumor 3, 8, and 9) were either ER 
negative or at the borderline for ER positlvrty (ER pos- 
itivity defined as >3 fmol/mg protein)- This is consistent 
with the observations made by Hill er a/, (15). 



DISCUSSION 




ctive 



and 

point mutations in thei u ,25^riydro>y^ltamin D receptor 
have been found to be associated with clinical type II. 
vitamin O resistance rickets (18). Interestingly, point 
mutations, detected by RNase protection assay, in ER 
nriRNAs obtained from some human breast tumor biop- 
sies have recently been described (19) and these mu- 
tations are in some cases associated with discrepancies 
in the presence of ER mR^^nd ER , by 

. (kM^ sy^ntiaJ am^^ 

In W^ i^r rn^ a 



ER mRNA 
086 

o«a/j 

OR8/0 



A/B 



n=Er 



IB- 



Fig, 3. The Human ER mRNA and the Corresponding cONA Probes Used in this Study 

JZ^^T^JS^.^" ER mRNA - ""V™ box represents the coding region which has been divided into 
0 ' 2 L 1T,e ^ R tONA fra 9 ments "3ed h> tnis study are shown. A convenient tt/ndlll restriction site in the 5 '-end of 
the E domain was used to divided the OR-8 cONA into the two fragments J and O, 
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Fig. 4. Worentlai Hybridization of OR-8/J and OR-8/0 ER 
cONA Fragments to Normal and Variant ER mRNA 

A, The same biot as In Fig. 1 hybridized with OR-8/0 ER 
cONA, B, The same blot hybridized with OR-8/J ER cDNA. A0 
auTDradiograrns shown were overnight exposures In the pres- 
ence of an intensifying somen. -Arrow* show the positions of 
the residual 285 and 18S rlbosomal RNA as Indicated. The 
calculated size of each rrybridfting band Is shown on the right- 
hand side of the diagram. 



dof^m^ Moreover, a truncated 

nonilgahd binding term of the thyroid receptor, the v- 
ert> A protein, has been associated with transformation 
In avian erythroblastosis (7, 8) and a truncated nonii- 
gand binding form of the EGF receptor has also been 
identified In A431 human vulval carcinoma cells (22). 
although the significance of its production to the trans- 
formed phenotype. If any, is not Known, Much of this 
evidence although still somewhat prelimJnary does point 
to the presence of a variety of physically altered forms 
of receptors which may be mechanistically involved in 
hormone Independence and resistance. 

Although the hormone-dependent phenotype In hu- 
man breast cancer ts highly associated with the pres- 
ence of ER in the tumor, at presentation 30-40% of 
ER positive tumors do not respond to hormonal manip- 
ulative therapy and are therefc^estr^ 
and antiesrogen 

" ' ^ J^^^ros^vid|Mi^y-' i !^B|B|p4EictcfiBMl ' ito'^aitfte^iTogef) 

{tttijft^ 

mient vMt^ afferthg the ER prolBe (5). The 

presence of altered forms of receptor proteins In these 
tumors might be a possibly mechanism associated, with 

tl^fe^t^ apprpxlmatefy 
"the Sr: piwein <2aj. %e*we 
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Rg. 5. Differential Hybridization of OR-8/J and OR-8^0 ER 
cONA Fragments to Normal and Variant ER mRNA 

A, Ten micrograms of pofy(A*) RNA was isolated from T- 
470 (lone 1 ), MCF 7 (lane 2), a reduction mammoplasty sample 
(lane 3), and another group of seven (lanes 4-1 0} human 
breast biopsy samples and analyzed by Northern blotting* The 
Mot was hybridized with the human ER cDNA OR-8 and the 
results visualized by exposure to x-ray film tor 2 days with an 
intensifying screen. Arrows snow the positions of the residual 
28$ and 18S ribosomai RNA as indicated. The calculated size 
of each hybridizing band ts shown on the right-hand sfds of 
the diagram. B, The same Wot as above hybridized with the 
OR-8/O ER cONA and the results visualized by exposure to 
x-ray film for 3 days with an Intensifying screen, C, The same 
blot as above hybridized with the OR4/J ER cDNA and the 
results visualized by exposure to x-ray film for 3 days with an 
intensifying screen. 





samples. 



^M^4^ ,, 'wt§ia' ~~" 

in some of $ese; tumors we have detected, smaller 

tnaj$^^ ' due' .to 

sy<a^ slgri^s ajibwn. to be 
of 

i not exclude tfj^wi possibilities. 

„„ t r , however; that tb^e smafler steed 

l&M^ a substantia portfen of the €/F 

octi% regfeni At this stage we do not have the appro- 
priate probes to investigate the 3'-untranslated region 
of these transcripts; therefore, we cannot rule out the 
possibility that some of this area may be missing as 
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Ftg. 6. Southern Analysis of DNA Isolated from Some Human 
Breast Tumor Biopsies 

A, Dna was isolated from tumors containing normal Efl 
mRNA (lanes 1-3), normal and variant £R mRNA (lanes 4-7) r 
no ER mRNA (lanes 8-9), and normal human lymphocytes 
(lane N) as described in Materials una Methods. Twelve and a 
half micrograms of each were digested with Pvuil and analyzed 
by Southern blotting. Blots were hybridized with OR-a ER 
cDNA and the results visualized by exposure to x-ray film for 
3 days plus an intensifying screen. The calculated restriction 
fragment sizes are shown to the left of the diagram. B. Another 
aliquot of ONA from the above tumors (except for tumor 2) 
was digested with Psti and analyzed as described above, 
except that me results were obtained after overnight exposure 
of the blot to x-ray fflm plus an Intensifying screen, Lane 1 is 
ONA isolated from tumor shown in Rg 5, lane 8. Lane 3 is 
DNA isolated from tumor shown In Rg 5, lane 6. Lane 5 is 
DNA isolated from tumor shown in Rg 2, lane 4, Lane 6 is 
ONA* isolated from tumor shown in Fig 2, lane 3, Lane 9 Is 
ONA isolated from tumor shown in Rg, 2 lane 2. fn many 
cases there was no tumor remaining after RNA isolation to 
allow for DNA Isolation. 





^W^tWfcol!^ it is 

known that In vitro mutated forms of the ER protein 
missing the hormone binding domain can still interact 
with estrogen responsive elements and in some cases 
maintain a degree of constitutive enhancer actjvity (1 1 ), 

SaHah 

t^Bftrtp;; ^ v _ _^_ w 

r^at^-jp^^ # these tuxrw^cks: 

The origin of these smaller sized ER transcripts is 
unknown. It does not appear to be due to nonspecific 
degradation of the RNA. Nor is there any evidence of 
gross alteration of the En^mf in^tumors where variant 
mflNAs. .vyer.0,, ^elected. j^-ftd 
'9ff^^ ; 0^ #8oed- trej^^; jjjrr 

5?$^ involved ' in the 

ptfieittS^^ Alternatively, the nor- 

mal processes involved in the turnover and degradation 
of ER mRNA may be altered in some tumors resulting 

frifttiffinS^ At present 

we have no evidence which supports an association of 
these smaller ER transcripts with estrogen independent 
or tamoxifen resistant tumors. 

The relationship of the variant sized ER mRNAs to 
neoplastic tissue is unknown. Interestingly; in the one 
reduction mammoplasty sample we have been able to 
analyze (see Fig. 5, lane 3) a normal 6.5 kb ER mRNA 
was detected at low abundance, while no smaller ER 
transcripts were detectable. The significance of this 
observation is unclear since the abundance of the 6.5 
kb ER mRNA in this sample r$ low and the lack of 
detection of smaller ER transcripts may be due merely 
to their falling below the limit of detection of the assay. 

ULL ' ^"^;?)^^!^.aS RNaee 

.. ..s^lpn^-nia^on.' 

Twb previous studies have also investigated the 
presence of altered sized ER mRNA. The study of Rio 
et a/. (14) concluded there was no evidence for the 
presence of a/fered sized forms of estrogen receptor 
mRNA. The second study by Barrett-Lee et at. (13) 
observed the presence of a smaller 3.7 kb transcript 
which was present in higher abundance in tumors than 
in MCF 7 breast cancer cefls. Our findings very clearly 
show the presence of this transcript as well as other 
sized transcripts. The discrepancies between our ob- 
servations and the other two may reflect the fact that 
we have always used large amounts (10^20 M g) of 
poWA*) enriched RNA for our analyses. Rio et aL (14) 
have only used total RNA and Barrett-Lee e* aJ. (13) 
have used either total RNA or very small amounts (2.5 
»g) of poiy(A*) RNA. Another possible reason for the 
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differences may be our selection of tumors which was 
confined to only large tumors, and this may have biased 
our results. 



MATERIALS AND METHODS 



Materials 



^P-dCTP (3000 Ci/mmol) was purchased from New England 
Nuciear(Lachire, Quebec). Restriction enzymes, T< DNA ligase 
and vectors used for subcloning (pGEM) wore from Promega 
(Bio/can Scientific Inc., Mississauga, Ontario). All other molec- 
ular biology grade reagents were from Fisher Scientific (Win- 
nipeg, Manitoba), 



Human Breast Tumor and CeU Samples 

Breast tumor biopsies sent frozen to Dr. H. G. Frlesen's 
laboratory for routine estrogen and progesterone receptor 
assay were the source of breast tumor tissue, T-47D and MCF 
7 human breast cancer cells were grown as previously de- 
scribed (24). 

RNA isolation and Northern 8fot Analysts 



RNA was Isolated by the guanidinium thtocyanate-cesium 
chloride method (25). PolyfA") enriched RNA was isolated by 
one cycle of o«go(a7>ceflulose chromatography (26). It should 
be noted that this one cycle of dlgo(cH>ceMuiose chromatog- 
raphy was insufficient to remove an the ribosomal RNA (see 
Rgs. 1C and 2B). We have therefore referred to the RNA used 
in these studies as poly(A*) enriched RNA. Ten to 20 M g 
poly(A*) were denatured In 50% (vof/vol) formamide and 2,2 
m formaldehyde, size separated toy electrophoresis on 1 % (wt/ 
vol) agarose gels containing 2.2 m formaldehyde and then 
blotted onto nitrocellulose (27), FHters were baked for 2 h at 
80 C under vacuum and then prehyoridtzed in hybridization 
solution for at least 3 h. The filters were then hybridized with 
the 2.1 kbp human ER cDNA, OR-8 insert [kindry provided by 
Dr. Pierre Chambon, (12)] labeled with M P by nick translation 
(Amersbam, Oakvflie, Ontario) to a specific activity of 1 0° cpm/ 
tig (3 x 10 7 com were used per hybridization). Hybridizations, 
usually for 48 h, were performed at 42 C in the presence of 
50% (vol/vol) deionized formamide, 5x DenharoYs solution 
(1X Denhardt's = 0.02% wt/vol each of BSA, Ficoll, and 
por/vfnylpyrroHo*r*), 5x SSPE(1x SSPE -0.15 m NaCl r 0.01 
m NaHzPO*, 1 rrtM EDTA), 250 nq/ml denatured salmon sperm 
DNA and 0.1% sodium dodecyl sulfate (SOS). At the end of 
the hybridization period the Wots were washed twice in 2x 
SSC, 0.1% SDS (1X SSC - 0.15 m NaCI, 0.015 m sodium 
citrate) for 15-30 m/n at room temperature, followed by three 
20-min washes in 0.1 x SSC, 0.1% SOS at 65 C. After the 
signal had been allowed to decay the raters were hybridized 
sequentially with the suodoned fragments of OR-8, fragment 
0 and tnen fragment J. Once again when the previous signal 
had decayed the Altars were also hybridized with the 1 .9 kbp 
human EGF cONA Insert from lambda EGF15(c) (28). Filters 
were exposed to Kodak XAR film at -70 C with an intensifying 
screen. 



DNA Isolation and Southern Blot Analysis 

Genomic DNA, Isolated from various human breast tumors 
was digested with Pvull or Psfl, fractionated on a 0.8% alkaline- 
agarose gel and transferred to nitrocellulose according to the 
protocol of Daws et at. (29). Hybridization and washing pro- 
cedures were essentially as described above. 



ER Binding Analysis 

Samples weighing between 0.2*0.3 g were taken for ER 
assay. Available receptors were assayed using a single satu- 
rating dose and a charcoakiextran method (3) tor separation 
of bound from free hormone. Receptor concentration was 
expressed as fentomoles of steroid bound per mg cytosol 
protein. 



Acknowledgments 

We would like to than Or. G. I. Bell for providing the human 
EGF cDNA and Dr. p. Chambon for providing the human 
estrogen receptor cDNA (OR8). We thank Dr. H. G. Fnesen 
for providing the human breast tumor biopsy samples and 
ingrid Pfeiffer for carrying out the cytosoiic estrogen receptor 
assays. We thank John Karvelas for his assistance in prepa- 
ration of RNA from some of the tumors. 



Received December 22, 1988. Revision received January 
20, 1989. Accepted January 20, 1989. 

Address requests for reprints to: Leigh C. Murphy, Depart- 
ment of Biochemistry, University of Manitoba* 770 Bannatyne 
Avenue, Winnipeg, Manitoba, Canada R3E OW3. 

This work was supported by the National Cancer institute 
(Canada). 
• NCI Scientist. 



REFERENCES 



1 . Vorherr H (ed.) 1 980 Breast Cancer. Urban & Schwarzen- 
berg, Baltimore 

2. Sledge GW.McGuireWL 1983 Steroid hormone receptors 
fh human breast cancer. Adv Cancer Res 38:61-75 

3. Murphy LC, Sutherland RL 1981 A high affinity binding 
site for the antioestrogens, tamoxifen and CI 628, In 
immature rat uterine cytosol, which Is distinct from the 
oestrogen receptor. J Endocrinol 91:155-161 

4. Sutherland RL, Murphy LC 1982 Mechanisms of oestro- 
gen antagonism by nonsteroidal antioestrogens. Mol Ceil 
Endocrinol 25:5-23 

5. Maass H, Jonat W, Stolzenbach G, Trams G 1980 The 
problem of nonresponding estrogen receptor-positive pa- 
tients with advanced breast cancer. Cancer 46:2835- 
2837 

6. Sedlacek S, Horwite K 1984 The role of progestins and 
progesterone receptors in the treatment of breast cancer. 
Steroids 44:467-484 

7. Weinberger C> Thompson CC, Ong ES, Lebo R, Gruol 
DJ T Evans RM 1986 The c-erb-A gene encodes a thyroid 
hormone receptor. Nature 324:641 -646 

8. Sap J, Munoz A, Damm K, Goldberg Y, Ghysdael J, Leute 
A, Beug H, Vennstromm B 1986 The c-erb-A protein is a 
high affinity receptor for thyroid hormone. Nature 
324:635-640. 

9. Godowski Pj, Rusconl S, Miesfreid R, Yamamoto KR 
1987 Glucocorticoid receptor mutants that are constitu- 
tive activators of transcriptional enhancement. Nature 
325:365-368 

10. Holienberg SM, Giguere V, Segui P. Evans RM 1987 
CoJocafization of DNA-binding and transcriptional activa- 
tion functions in the human glucocorticoid receptor. Cell 
49:39-46 

11. Kumar V, Green S, Stack G. Berry M, Jin JR, Chambon 
P 1 967 Functional domains of the human estrogen recep- 
tor. CeU 51:941-951 

12. Green S, Walter P. Kumar V, Kurst A T Bonnet JM, Argos 
P, Chambon P 1986 Human oestrogen receptor cDNA: 



rm ioi 11 caifogen necepior m«lNM 



693 



sequence, expression and homology to v-erb-A, Nature 
320:134-139. 

13, Barrett-Ue pj, Travers MT, McClelland RA, Luqmani Y, 
Coombes RC 1987 Characterization of estrogen receptor 
messenger RNA in human breast cancer. Cancer Res 
47:6653-6659 

13a. Murphy LC, OotzJaw H, Regulation of transforming 
growth factor a (TGFa) and TGF0 mRNA abundance In 
T-47D, human breast cancer colls. Mol Endocrinol, in 
press 

14, Rio MC, Bellocq JP r Gairard B, Rasmussen U8, Krust A, 
Koehl C, Catderoii H, Schiff V, Renaud R, Chambon P 
1987 Specific expression of the pS2 gene in subclasses 
of breast cancers in comparison with expression of the 
estrogen and progesterone receptors and the oncogene 
ERBB2. Proc Natl Acad Sd USA 84:9243-9247 

1 5. Hill SM T Fuqua SAW, Chamness GC, Greene GL, McGuire 
WL 1989 Estrogen receptor expression in human breast 
cancer associated with an estrogen receptor gene restric- 
tion fragment length polymorphism. Cancer Res 49:145- 
148 

16, Yamamoto KR, Gehring U, Stampfer MR, Sibley C 1976 
Genetic approaches to steroid hormone action. Recent 
Prog Horm Res 32:3-32 

17. Mtesfield R, oxret S, Wikstrom A-C, Wrange 0, Gustafs- 
son J-A, Yamamoto KR 1 984 Characterization of a steroid 
hormone receptor gene and mRNA In wild-type and mu- 
tant cells. Nature 312:779-781 

18. Hughes MR, MaUoy PJ, Kieback DG, Kesterson RA, Pike 
JW, Feldman D, O'MaHey BW 1988 Point mutations in 
the human vitamin D receptor gene associated with hy~ 
pocaicemic rickets. Science 242:1702-1705 

19, Garcia T, Lehrer S. Bloomer WD, Schachter B 1988 A 
variant estrogen receptor messenger ribonucleic acid is 
associated with reduced levels of estrogen binolng in 
human mammary tumors. Mol Endocrinol 2:785-791 

20. Serkenstam A. Glaumann H r Martin M, Gustafsson J-A, 
Norstedt G, Hormonal regulation of estrogen receptor 
mRNA In T-47Dco and MCP 7 cells. Program of the 2nd 



international CBT Symposium on the steroid/thyroid hor- 
mone receptor family and gene regulation. Stockholm 
Sweden, 1988, p 72 (Abstract) 

21. Horwitz KB, Mockus MB, Lessay BA 1982 Variant T-47D 
human breast cancer cells with high progesterone-recep- 
tor levels despite estrogen and antiestrogen resistance 
Cell 28:633-642 

22. Lin CR, Chen WS f Kruijer W, Stoiarsky LS, Wber W, 
Evans RM, Verma IM, Gin GN, Rosenfieid MG 1984 
Expression cloning of the human EGF receptor cDNA: 
gene amplification and three related messenger RNA 
products in A 431 cells. Science 224:843-848 

23. Waiter P, Green S, Grene G, Kurst A f Somen J-M, Jeitsch 
J-M, Staub a, Jensen E T Scrace G, Waterfleld M, Cham- 
bon P 1985 Cloning of the human estrogen receptor 
cDNA, Proc Nad Acad Sci USA 82:7889-7893 

24. Murphy LC r Dotzlaw H 1989 Endogenous growth factor 
expression in T-47D, human breast cancer cells, associ- 
ated with reduced sensitivity to the antiproliferative effects 
of progestins and antiestrogens. Cancer Res 49:599-604 

25. Chirgwin J T Pryzbyta A, MacDonald R, Rutter W 1979 
Isolation of biologically active ribonucleic acid from 
sources enriched -for ribonudease. Biochemistry 
16:5294-5298 

26. Aviv H, Leder P 1972 Purification of biologically active 
growtn messenger RNA by chromatography on digo- 
thymidlyic acid cellulose. Proc Natl Acad Sci USA 
69:1408-1412 

27. Thomas PS 1980 Hybridization of denatured RNA and 
small DNA fragments transferred to nitrocellulose. Proc 
Natl Acad Sd USA 77:5201-5205 

28. Bell Gl, Fong MM, Stempien MM, Wormsted MA, Caput 
D, LaiUng K, Urdea MS. Rail LB, Samchez-Pescador fl 
1986 Human epidermal growth factor precursor. cDNA 
sequence, expression in vitro and gene organization. Nu- 
cleic Acids Res 14:8427-8446 

29. Davis GL, Dibner MD, Battey JF 1986 Basic Methods in 
Molecular biology. Bsevier Sciences Publishing Co fnc, 
New York 




Int. J. Cancer: 72, 574-5 80 ( 1 997) f lSBKSi ^ Publication m e International Union Against Cancer 
© 1 997 Wiley-Liss Inc v ^^SO Publication do I'Union Internationale Contra le Cancer 

IDENTIFICATION OF AN EXON 3 DELETION SPLICE VARIANT ANDROGEN 
RECEPTOR mRNA IN HUMAN BREAST CANCER 

Xiang Zhu 1 , Angela A.I. Daffada', Christina M.W. Chan 1 and Mitchell Dowsett 1 * 
1 Academic Department of Biochemistry, Royal Marsden Hospital, London, SW3 6JJ, UK 



Androgens and androgen receptor (AR) are involved in 
many regulatory processes in the growth of female breast 
cells. Mutations in the AR gene and/or alterations of the AR 
protein sequence may be related to the development and 
progression of breast cancer. Using reverse transcription- 
polymerase chain reaction we have examined 31 female 
breast-cancer samples, 5 normal female breast tissues and 6 
breast-cancer cell lines for the presence of splice variants of 
AR mRNA and have identified an exon 3 deletion splice 
variant (A3AR). The higher expression of the variant relative 
to the wild-type AR (WT AR) was found in 7 breast-cancer 
samples (A3/WT > 15%) and relatively lower levels of the 
variant were observed in 3 breast-cancer cell lines (A3/ 
WT < 5%). However, in normal breast tissues, expression of 
the variant was undetectable by Southern blot analysis. In 
vitro translation of the A3AR mRNA resulted in a variant AR 
protein of about 105 kDa, smaller than the WT AR by about 5 
kDa. We thus report an exon deletion splice variant of AR 
mRNA in breast cancer. The variant protein is predicted to 
lack the second zinc finger within the DNA-binding domain 
and is expected to be unable or to have reduced ability to bind 
to androgen- response elements and to activate transcription. 
The relatively high expression of this AR variant in some 
breast-cancer tissues may indicate its role in regulating the 
growth of these cancers. Int. I. Cancer 72:574-580, 1997. 
© 1997 Wiley-Liss, Inc. 

Androgens and androgen receptor (AR) may play an important 
role in the development and progression of female breast cancer. 
AR is the sex hormone receptor most frequently found in both 
primary and secondary breast tumours: between 76% and 91% are 
reported to be AR-positive, higher than oestrogen receptor (ER) 
(71-82%) and progesterone receptor (PR) (61-72%) (Kuenen- 
Boumeester et ai, 1992; Lea et al, 1989; Soreide et al, 1992). 
Although AR is expressed predominantly in ER-positive and 
PR-positive breast-cancer cell lines and tissues (Kuenen-Bou- 
meester et ai, 1992), between 9% and 25% of breast cancers are 
reported to express AR as their sole sex hormone receptor 
(Kuenen-Boumeester et ai, 1992; Lea et al, 1989), especially 
those of ductal carcinomas which have a relatively poor prognosis 
(Kuenen-Boumeester et ai, 1996). This high expression of AR, 
along with high levels of androgens in breast-cancer tissues 
(Bhatavdekar, 1987; Recchione et al, 1995), may indicate the 
importance of AR in regulating the growth of breast-cancer cells. 
AR also may be important in hormonal therapy of breast cancer. 
Although not widely used nowadays, androgens have been useful 
for the treatment of patients who have poor responsiveness to 
oestrogen therapy (Cooperative Breast Cancer Group, 1964; Manni 
et ai, 1981) and the combined use of androgen and anti-oestrogen 
therapy has therapeutic advantages over anti-oestrogen treatment 
alone (Tormey et ai, 1983; Ingle et al, 1991). Of more contempo- 
rary importance, the positive response to progestins (megestrol 
acetate or medroxyprogesterone acetate) in advanced breast-cancer 
patients has been determined by the AR level (Teulings et al, 1 980; 
Birrell et al, 1 995), and the progestin medroxyprogesterone acetate 
has been shown to inhibit proliferation of an ER- and PR-negative 
breast-cancer cell line via AR (Hackenberg et al, 1993a). 

AR is a member of the steroid/thyroid/retinoic acid receptor 
superfamily. Like all other members of this family, AR contains 
several functional domains which are encoded by 8 exons: the large 
N-terminal domain is encoded by exon 1, the DNA-binding domain 
consists of 2 zinc fingers which are separately encoded by exons 2 
and 3 and the information for the ligand-binding domain is 



distributed over exons 4-8 (Chang et al, 1988; Trapman et al. 
1988). In the absence of androgens, AR exists in a non-DNA- 
binding state as an inactive complex with heat shock proteins. 
Upon binding of androgens, AR dissociates from this complex, 
reveals the DNA-binding domain, dimerises, binds to the androgen- 
responsive element (ARE) of the regulated gene with 2 zinc fingers 
and thereby activates specific gene transcription (Carson-Jurica et 
al, 1990). 

Extensive studies have been performed on structural alterations 
of ER in breast cancer. There is now substantial evidence for a 
mixture of wild-type (WT) and variant ER mRNAs in breast- 
cancer cell lines and tissues (Murphy and Dotzlaw 1989; McGuire 
et al, 1992; Miksicek et al, 1993). Some of the predicted variant 
ER proteins lack some functional domains, exhibit altered func- 
tions or interfere with WT ER function when expressed in 
transfected cells. For example, the exon 5 deletion variant ER acts 
as a dominant-positive regulator of WT ER which constitutively 
activates transcription in the absence of oestrogens (Fuqua et al, 
1991; Castles et al, 1995), while exon 3 and exon 7 deleted 
variants behave as dominant-negative transcription factors which 
prohibit normal ER from binding to the oestrogen response element 
and from activating transcription (Wang and Miksicek, 1991; 
Fuqua et al, 1992). Although it remains unclear whether the 
variant ER mRNAs are translated in vivo, a truncated exon 
5-deleted ER protein has been detected in BT-20 breast-cancer 
cells (Castles et al, 1995) and statistically significant relationships 
have been found between variant/WT mRNA levels and a number 
of clinical and biological variables (McGuire et al, 1992; Daffada 
et al, 1995). Some studies have led to speculation that ER variants 
may be involved in anti-oestrogen resistance and tumour progres- 
sion (Fuqua, 1994; Daffada et al, 1995; Lemieux and Fuqua, 
1996). For example, the relative levels of certain variant ER 
mRNAs increased with breast-tumour progression (Fuqua et al, 
1991; McGuire et al, 1992; Murphy et al, 1995). However, a 
report on the presence of several ER variants in a normal breast 
sample makes it unlikely that splicing variants are an indicator of 
malignancy (Pfeffer et al, 1995). Another report comparing the 
expression of ER variants in 9 normal and 19 neoplastic breast 
samples has shown that expression levels of exon 5 deletion variant 
ER mRNA relative to WT ER mRNA were significantly higher in 
neoplastic than in normal breast tissues (Leygue et al, 1996). It has 
been speculated, therefore, that the generation of specific ER 
variants may be deregulated in breast-cancer tissues and that such 
deregulation may contribute to the progression of breast cancer 
(Leygue et al, 1996). 

In contrast to ER, in which a large numbers of splice variants 
have been described, AR has been relatively poorly studied in 
breast cancer. No AR splice variant has been reported so far in 
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breast cancer. Considering the parallel between ER and AR, we 
have hypothesised that the same events could also occur in AR 
mRNA and that alteration of the AR sequence could lead to a 
change in androgen action within breast cancer cells. Therefore, we 
have investigated AR transcripts in a number of normal and tumour 
breast tissues and cell lines. Using reverse-transcription (RT)-PCR 
we screened for variations in the DNA-binding domain (exons 2 
and 3) and the ligand-binding domain (exons 4-8). We have 
identified a variant AR mRNA lacking exon 3 in some breast- 
cancer samples and cell lines. Expression levels of the variant 
relative to the WT message varied considerably between samples. 
The present report describes the isolation, sequencing and in vitro 
translation of tie variant transcript. 

MATERIAL AND METHODS 
Cell lines and tissues 

Breast-cancer cell lines T47D, ZR-75-1 and BT-20 were grown 
in IMEM medium (GIBCO, Paisley, UK) containing 5% FCS 
(GIBCO); MCF-7, BT-474 and MDA-MB-231 were grown in 
RPMI 1640 medium (GIBCO) containing 10% FBS. All of the 
media contained 2 mM L-glutamine, 5 U/ml penicillin, 5 mg/ml 
streptomycin and 12.5 ng/ml amphotericin B (Sigma, Poole, UK). 
Upon reaching 80% confluence, cells were collected by EDTA/ 
trypsin treatment and snap-frozen in liquid nitrogen until they were 
used for RNA extraction. Five normal female breast samples were 
collected from patients undergoing reduction mammoplasty and 
stored at -70°C until analysed. Tissues were confirmed to be 
normal by histopathologic analysis. Thirty-one breast-cancer 
samples were obtained through the breast tumour bank at Royal 
Marsden Hospital, London, UK. The diagnosis was made morpho- 
logically by the Department of Pathology of the hospital. Frozen 
tissues were pulverised in a dismembrator (Braun Biotech, Ayles- 
bury, UK) prior to RNA extraction. 

Extraction of total RNA 

Total RNA was extracted from the frozen cells and pulverised 
tissues using RNAzol B (Biotecx, Houston, TX) as recommended 
by the manufacturer. RNA concentrations were determined spectro- 
photometrically. 

RT-PCR 

Total RNA (2 ug) was denatured at 65°C for 3 min and 
reverse-transcribed in the presence of 1 mM dNTPs, 1 unit/ul 



RNase inhibitor, 20 mM random primers (Promega, Southampton, 
UK), 5 mM dithiothreitol (GIBCO), 5 U/ul reverse transcriptase 
and buffer (superscript; GIBCO) for 20 min at 23°C, 60 min at 
42°C and 10 min at 95°C. PCR amplifications were performed with 
the use of reverse-transcription mixture in a final volume of 100 ul 
in the presence of 0.4 U Taq polymerase and buffer (Perkin Elmer, 
Beaconsfield, UK) and 500 nM of each primer. Five sets of primers, 
spanning exons 2-3, 5-6, 7-8, 5-8 and 2-4, respectively, were 
used in this study (Fig. 1). Each PCR consisted of 35 cycles (1 min 
at 95°C, 1 min at 55°C and 1 min at 72°C) using a DNA thermal 
cycler (Perkin Elmer). PCR products were electrophoresed on 2% 
ethidium bromide-stained agarose gels and photographed under 
UV illumination. Two RT-PCR amplifications were performed to 
confirm the similarity of the results. 

Southern blot analysis 

PCR products (10 ui) were loaded onto 2% agarose gels and 
electrophoresed for 2 hr at 80 V prior to denaturation of DNA in 0.6 
M NaCl, 0.2 M NaOH (45 min) and neutralisation in 1.5 M NaCl, 
0.5 M Tris-HCl (pH 7.4) (30 min) with gentle agitation. DNAs 
were transferred onto nylon membranes using 20 X SSC (3 M 
NaCl, 0.3 M sodium citrate, pH 7.0) and UV cross-linked 
(Stratagene, Cambridge, UK). Pre-hybridisation and hybridisation 
(2 and 18 hr, respectively) were carried out in 7% SDS, 10 mM 
sodium phosphate buffer (pH 7.3) and 1 mM EDTA at 42°C in a 
Techne (Cambridge, UK) hybridisation oven. The exon 2-specific 
probe (AAC ATG GTC CCT GGC AGT CTC, bases 2146-2166), 
exon 3-specific probe (CAG AAG TAC CTG TGC GCC AGC, 
bases 2299-2319) or exon 4-specific probe (ACT GAG GAG ACA 
ACC CAG AAG, bases 2482-2502) was end-labelled with 
[ 32 P]dATP (DuPont, Stevenage, UK) using T4 polynucleotide 
kinase (GIBCO) as recommended by the manufacturer. Stringency 
washes (3-5 washes of 5 min at 42°-50°C) were performed in 5% 
SDS, 10 mM sodium phosphate buffer (pH 7.3) and 1 mM EDTA. 
Membranes were then exposed to X-ray film at — 70°C with 
intensifying screens to visualise the results. Quantification of WT 
and variant bands was performed by phosphorimaging (Molecular 
Dynamics, Sunnyvale, CA) as reported previously (Daffada et al, 
1995), and a %A3/WT value was calculated. 

Restriction analysis of PCR products 

PCR products (10 ul) amplified by primers 1 and 2 from a 
breast-tumour sample (T3) were incubated with 10 U restriction 



AR cDNA 

1 EXQN 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 

1» 420b P 42 

3 > 611 b P 44 

5» 45 ° bp 46 

7> SU* « 8 

► Primer 9* 410 

Primer 1 : GTCAAAAGCGAAATGGGCCCC; Primer 2: CTTCTGGGTTGTCTCCTCAGT 

Primer 3: ACTG AGGAGACAACCCAGAAG ; Primer 4: G CGTCTTG AGC AG G ATGTG GG 

Primer 5: ACCCCCCAGGAATTCCTGTGC; Primer 6: CTGCAGAGGAGTAGTGCACAG 

Primer 7: ACTGAGGAGACAACCCAGAAG; Primer 8; CTGCAGAGGAGTAGTGCACAG 

Primer 9: GTCAAAAGCGAAATGGGCCCC; Primer 1 0: GTCGTCCACGTGTAAGTTGCG 



Figure 1 - Schematic representation of WT androgen receptor cDNA and the positions of primers used to detect exon deletion AR variants. 
The sequences of the primers also are shown (AR sequence: Chang et al, 1988). 
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enzyme Acs I (Boehringer Mannheim, Lewes, UK) at 50°C for 2 hr. 
After incubation, the digested products along with the undigested 
products were subjected to electrophoresis on a 2% ethidium 
bromide-stained agarose gel and photographed. 



Cloning and sequencing ofPCR products 

PCR products (50 ul) were precipitated using sodium acetate and 
ethanol for more than 2 hr at -20°C and centrifuged at 14,000 g for 
20 min at 4°C. The pellet was washed with 100 ul of 70% ethanol, 




Figure 2 - Two micrograms of RNA from 5 normal breast tissues (lanes N1-N5), 8 breast-tumour samples (lanes T1-T8) (left side) and 6 
breast-cancer cell lines (right side) were subjected to RT-PCR using primers 1 and 2, which amplified across exons 2 and 3 of the human AR 
sequence. PCR products were electrophoresed (a), blotted onto nylon membranes and hybridised with 32 P-labelled exon 2-specific probe (b) and 
exon 3-specific probe (c). Results were viewed after autoradiography. Quantitation of the WT and A3 bands was by phosphorimaging, and 
percentages of A3/WT AR ratios were calculated (bottom of b). 
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Figure 3 - RT-PCR amplification across exons 2, 3 and 4 of human AR sequence in MCF-7 and BT474 breast-cancer cell lines using primers 9 
and 10 (Fig. 1). The products visualised by electrophoresis (1) showed a wild-type (WT) band and a variant (A3) band. Southern blot hybridisation 
with the exon 2-specific probe (2) and the exon 4-specific probe (4) showed both WT and variant bands, while with the exon 3-specific probe the 
variant band was absent (3). NS, non-specific. 
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air-dried briefly and resuspended in 10 ul water. Concentrated 
cDNA was then run on a 2% NuSieve gel (Flowgen, Sittingbourne, 
UK). The WT and variant bands were sliced and extracted from the 
gel and cloned into pCR II vectors, which were then transformed 
into Escherichia coli cells (TA cloning kit; Invitrogen, Abingdon, 
UK) as suggested by the manufacturer. Positive clones were 
selected and amplified by culturing of the transformed cells in 5 ml 
LB/ampicillin broth. Plasmid DNAs were then prepared from the 
cells, digested with Eco RI restriction enzyme, run on a 1% agarose 
gel and blotted onto a nylon membrane. Clones containing WT and 
variant AR sequences were selected by Southern blot hybridisation 
with exon 2- and exon 3-specific probes. Recombinant plasmid 
DNAs were purified using a plasmid purification kit (Qiagen, 
Dorking, UK). Sequencing was then carried out using the Circum- 
vent Thermal Cycle Sequencing kit (New England Biolabs, 
Hitchin, UK). 

In vitro translation of the variant receptor protein 

A Hind III/Bst EII AR fragment (1505 bp) and a Bst EII/Bam HI 
AR fragment (1,563 bp) were cleaved from AR expression vector 
pSVARo (kindly provided by Dr. Brinkmann, Erasmus University, 
Rotterdam, The Netherlands), gel-purified and ligated to form a 
Hind III/Bam HI fragment which contains the whole protein- 
coding region of AR. This Hind III/Bam HI AR fragment was then 
ligated into the corresponding sites of the pSP64 vector to generate 
the WT AR expression vector (pSP64-WTAR). The variant AR 
expression vector (pSP64-A3AR) was the same as the WT vector 
except that a Bst EII/Tthlll I fragment in the AR cDNA was 
replaced by an exon 3-deleted Bst EII/Tthlll I fragment, which 
was derived from the PCR product The correct insertion of WT 
and A3 AR fragments in pSP64 vectors was confirmed by 
restriction analysis and sequencing. In vitro transcription and 
translation reactions were performed using 1 ug pSP64-WTAR or 
pSP64-A3AR vectors as DNA templates in the TNT-coupled 
Reticulocyte Lysate System (Promega) according to the manufac- 
turer's protocol. [ 35 S]-Methionine was incorporated during transla- 
tion to allow visualisation of synthesised polypeptides by SDS- 
PAGE followed by autoradiography. 

RESULTS 

Total RNA extracted from breast-tissue samples and cell lines 
was reverse-transcribed and used as the template for PCR amplifi- 
cations using 5 primer sets (Fig. 1). With the use of primers 1 and 2, 
2 amplification products of different sizes were yielded in both 
tissue samples and cell lines (Fig. 2a). The slower migrating band 
corresponded well to the expected length of WT AR (420 bp), 
while the faster migrating band was of approx. 300 bp. To 
determine whether the slower migrating band corresponded to the 
sequence of AR and whether the unexpected faster migrating band 
was related to it, we carried out Southern blot and hybridisation 
analyses using 2 probes specific to exons 2 and 3, respectively. 
With the exon 2-specific probe, hybridisation to both slower and 
faster bands was observed (Fig. 2b), while using the exon 3-specific 
probe, hybridisation to the fast band was absent (Fig. 2c), 
indicating that the unexpected PCR product (faster band) resulted 
from a variant AR mRNA lacking at least a portion of exon 3. 
Another independent RT-PCR using a different combined primer 
set (primers 9 and 1 0) to amplify exons 2-4 in breast-cancer cell 
lines MCF-7 and BT474 also yielded 2 bands which corresponded 
to the predicted WT (642 bp) and exon 3 deletion (525 bp) AR 
fragments (Fig. 3, part 1). Although the variant band was weaker in 
the 2 cell lines, it clearly hybridised to exon 2- and exon 4-specific 
probes (Fig. 3, parts 2, 4) but not to the exon 3-specific probe (Fig. 
3, part 3). Amplification of the A3 variant by 2 different PCRs 
makes it unlikely that the variant product was artefactual. The 
bands higher than WT in tumor samples T2 and T8 (Fig. 2a) and the 
MCF-7 cell line (Fig. 3, part 1) were considered to be non-specific 
because they were not detected by Southern blot analysis (Fig. 2b, 



c); Fig. 3, parts 2-4). A slight band at a lower size than A3AR in 
samples N2-5 and Tl-7 (Fig. 2a), which also was hybridised by 
the exon 3-specific probe (Fig. 2c) and the bands intermediate in 
size between WT and A3 in T47D cells and higher in size than WT 
in ZR-75-1 and MCF-7 cells (Fig. 2b), currently remains uncharac- 
terised and may or may not be specific. 

Restriction analysis of the PCR products of a breast-cancer 
sample (T3) was performed using restriction enzyme Acs I, which 
cleaves the sequence of ATCGT located in exon 3. Deletion of exon 
3 removes this restriction site so that the variant fragment should 
not be digested. The restriction patterns of Acs I observed in WT 
and variant fragments were as expected: the WT fragment (420 bp) 
was digested into 2 smaller fragments (259 bp and 161 bp), 
whereas the variant fragment (303 bp) was not digested (Fig. 4). 
This result also suggested loss of the exon 3 sequence in the variant 
fragment. 

Comparison of the sequence between variant and WT AR cDNA 
demonstrated that the sequence of variant AR was identical to that 
of WT AR in exons 2 and 4 but that the sequence corresponding to 
exon 3 was entirely absent (Fig. 5). Deletion of exon 3 corresponds 
precisely to known exon/intron boundaries, indicating that this 
variant is generated through alternative splicing of the primary AR 
mRNA transcript. 

The relative expression levels of the A3AR measured by 
phosphorimaging varied greatly between different samples (Table 
I). Relatively higher expression levels of the variant (i.e., A3/ 
WT > 15%) were found in 7 of 3 1 samples. A3AR was detected in 
ZR-75-1, BT-474 and MCF-7 cell lines, but the expression levels 
were relatively low (A3/WT < 5%). In 5 normal breast tissues, 
expression of the variant was undetectable by phosphorimaging 
analysis (Fig. 26), though a slight band at the same level as A3 AR 
was visible in most of the normal tissues (Fig. 2a). 

In vitro translation experiments with [ 35 S]-methionine were 
performed to determine whether the A3AR mRNA could be 
produced faithfully in rabbit reticulocyte lysates. Figure 6 is an 
autoradiograph of the translation products analysed on SDS-PAGE. 
As predicted from the cDNA sequence, the WT AR polypeptide has 




Figure 4 - Restriction analysis of RT-PCR products. Top: Diagram 
of WT AR and exon 3-deleted variant (A3) AR cDNA fragments 
amplified by RT-PCR. An Acs I restriction site (nt: 2341) exists in exon 
3 of the WT AR fragment but not in the A3 AR fragment. Numbering is 
according to Chang et al. (1988). Bottom: Gel electrophoresis of 
digested and undigested RT-PCR products. Lane M, DNA markers; 
lane A, undigested AR cDNA products showing both WT band (420 
bp) and variant band (303 bp); lane B, the same AR cDNA products 
were digested with restriction enzyme Acs I at 50°C for 2 hr. The WT 
fragment was digested into 2 smaller fragments (259 and 161 bp), 
whereas the variant fragment was not digested. 
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Figure 5 - Dideoxy sequence analysis of the variant AR mRNA missing exon 3. Arrows, exon boundaries. 



TABLE I - RATIO OF A3 VARIANT AR TO WT AR IN BREAST TUMOURS, CELL 
LINES AND NORMAL BREAST TISSUES 



Sample 


Number 






% A3/WT 






0 


0-5 


5-10 10-15 


15-20 


>20 


Tumour 


31 


13 


3 


6 2 


4 


3 


Cell lines 


6 


3 


3 








Normal 


5 


5 











an m.w. of 110 kDa, whereas the A3AR has mobility of 105 kDa 
due to the in-frame deletion of 39 amino acids. 



DISCUSSION 

The alternative splicing seen for ER does not appear to be a 
common feature of messages coding for other members of the 
steroid receptor superfamily. Attempts to find splicing variants in 
other steroid receptors have been reported as unsuccessful (Pfeffer 
et al, 1995). The finding of the A3AR variant is therefore 
significant in establishing that this is not unique to ER among sex 
steroid receptors. A further variant has been described for glucocor- 
ticoid receptor (Moalli et al, 1993). 

The expression of splice variants of steroid receptors appears to 
be not only receptor-specific but also tissue- and sample-specific. A 
A4/7 ER variant previously identified in our laboratory has been 
shown to be expressed in normal endometrial and breast-cancer 
samples but not in liver tissues (Daffada and Dowsett, 1995). The 
A3ER variant has been found by different groups in the MCF-7 
breast-cancer cell line and breast-cancer tissues (McGuire et al, 
1 992; Miksicek et al, 1993), but it could not be detected by Pfeffer 
et al (1995) in their MCF-7 cell line and breast-cancer samples, 
though the authors believed that it could have escaped detection by 
2 PCR amplifications with 2 different primer sets. We have 
observed that A3AR was not detectable in some breast-cancer 
samples, though the WT AR product was as great as with the other 
samples which expressed the variant pattern. These tissue- and 




Figure 6 - In vitro translation of WT AR and exon 3-deleted variant 
androgen receptor (A3AR) cDNAs. WT and A3AR cDNAs were 
cloned into pSP64 vector (see "Material and Methods"). Plasmid 
DNAs were used for coupled in vitro transcription and translation, 
using a commercial kit (Promega). [ 35 S]Methionine was incorporated 
during translation to allow visualisation of the synthesised polypeptide 
by SDS-PAGE followed by autoradiography. Arrows indicate synthe- 
sised AR products. The positions of Rainbow m.w, markers are given in 
kDa on the right. 



sample-specific expressions of splicing variants seem unlikely to 
be the by-product of an imprecise splicing process without 
functional significance (Pfeffer et al, 1995) since the by-product 
would then be expected to occur without difference between cells 
and tissues that express the same receptor(s). Thus, it may be 
speculated that the mechanisms which generate exon(s) splicing 
variants may be regulated differently in various tissues and that 
these regulations may be important in physiological and/or patho- 
logical processes. 
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The probable functional activity of variant A3 AR protein may be 
summarised by consideration of the known functional domains of 
the WT AR. An intact DNA-binding domain is crucial for normal 
functioning of steroid receptors (Hollenberg and Evans, 1988; 
Green et al, 1988). The second zinc finger encoded by exon 3 is 
important in orientating the receptor for DNA binding (Berg, 
1989), in stabilising DNA-protein interaction (Green et al t 1988; 
Berg, 1989) and in providing the interface for receptor dimerisation 
(Luisi et al, 1991). Single-amino-acid aberrations in the second 
zinc finger of the DNA-binding domain of AR in androgen 
insensitivity syndrome (AIS) have been described in association 
with androgen resistance in vivo, and these reduced or diminished 
transcriptional activation when recreated in vitro (Marcelli et al., 
1990;Klockere/a/., 1992; Kaspare/a/., 1993; Beitel et al, 1994). 
Partial deletion of the DNA-binding domain in vitro completely 
inactivates the ability of receptor protein to stimulate transcription, 
though normal steroid-binding properties are retained (Hollenberg 
et al, 1987). Deletion of exon 3 in the AR gene has been reported in 
AIS (Quigley et al, 1992). The resultant protein had markedly 
reduced DNA-binding affinity and failed to activate transcription of 
an androgen-responsive reporter gene (Quigley et al, 1992). 
Analogous studies of the exon 3 splice variant of ER (Wang and 
Miksicek, 1991 ; Miksicek et al, 1993) also have demonstrated that 
this variant ER is unable to bind to oestrogen response element 
(ERE) in vitro or to activate transcription of a reporter gene 
containing an ERE in vivo. However, it has been shown to inhibit 
oestrogen-dependent transcription activation in a dominant- 
negative fashion when it is co-transfected with the WT ER and 
reporter plasmid. It also inhibits DNA binding of WT ER in a gel 
mobility shift assay in vitro. The function of the A3AR protein in 
breast cancer remains to be explored. The absence of 53% (36 of 68 
amino acids, AR sequence according to Chang et al, 1988) of the 
DNA-binding domain in the putative variant receptor is likely to 
prevent it from binding to its target gene, the ARE, and to activate 
gene transcription. 

Predictions of the possible role of the A3 AR variant protein, if it 
exists, in the development and progression of breast cancer must be 
made largely on the basis of the above functional considerations. It 
is well known that the growth of breast cells is regulated by a 
complex interplay of different steroid hormones, of which andro- 
gens and oestrogens are among the most closely related pair due to 
their related metabolic pathways (Dauvois and Labrie, 1990). As 
mentioned above, the presence of A3AR may reduce or abolish the 



DNA-binding capacity of AR. Thus, the growth-inhibitory role of 
androgens through AR may be reduced or lost. However, the 
metabolites of androgens (such as androst-5-ene-3p, 1 7p-diol and 
5a-androstane-3p, 17p-diol, which have oestrogenic properties) 
along with oestrogens may continue to have a growth-stimulatory 
effect through interaction with ER (Hackenberg et al, 19936; 
Boccuzzi et al, 1994). Thus, expression or possibly over- 
expression of A3AR may result in a reduced inhibitory action of 
androgens within breast cells and, therefore, might favour the cell 
proliferation which is involved in the development and progression 
of breast cancer. The observation that point mutations in exon 3 of 
the AR gene existed in 3 male breast-cancer patients with androgen 
resistance (Wooster et al, 1992; Lobaccaro et al, 1993) supports 
the concept that altered AR protein may be of biological and 
clinical importance in breast cancer. 

However, the clinical significance of exon(s) splicing in steroid 
receptors remains uncertain. There are very few data which confirm 
the existence of the translated protein product of these mRNA 
variants in untransfected cells. Thus, while functional changes to 
receptors have been described after transfection, their physiologi- 
cal and pathological significance remains unclear. 

In conclusion, we have identified an exon 3-deleted splice 
variant AR mRNA in female breast-cancer samples and breast- 
cancer cell lines. Unlike ER, this is the only AR splice variant that 
has been described in breast cancer. Moreover, by comparison of 
the expression levels of the variant relative to WT, we have shown 
that there was relatively high expression of the variant in some 
breast-cancer samples in comparison to other samples and normal 
breast tissues. Our data suggest that the mechanisms generating 
exon deletion splice variants are not restricted to ER in breast 
cancer and that expression of various splicing variants in different 
receptors and different tissues may be controlled by gene regula- 
tion. The relatively high expression of the A3AR variant in some 
breast cancers indicates a role for it in regulating the growth of 
these cancers. However, the ultimate significance of the variant AR 
remains to be determined by studies of the functionality of variant 
protein in breast tissues. 
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ALTERNATIVE SPLICING OF ^^'^ L "^ L ^ A ^^^l^^ T ^I^h^^ L ^ 
mRNA IN HUMAN SMALL-CELL LUNG-CANCER CELL LINE H69 

C E C MtootBMAK". Cynihia Mnwan'. Frank S. Wauh>. Wotar J- Man,' and Rob J.A.M. Michalides 1 -' 1 
SL« C^/ rT 72/. I0tf OTA-nta* I* ***** «, 
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apall^ll lung rawer* (SCLQ and to ""^2??^ 
non-small-cell lung tumor* (non-SCLC). The^NCAM-po^ 
lung cumon haw a poor prognosis m"**** "f*"" 
Motive tumors. Multiple NCAM prattli) ""^j**,** 

sS^ ^TNC^i*oforms eipre«ed in a human *mail-<ell 
lung-cancer cell line. H69. NCAM mRNA transcHpts of 7.2, 67, 
4 J and 4,0 wr« detected In these cell* ^J^^^BS 

primers flanking the various NCAM won boundaries. The 
Shortest alternatively spliced sequence that we found was the 
trinucleotide AAG located between exon wjd 13. Jn the 
so-called hinge region ef the NCAM prowfn.TOs^O tr^udfi. 
otide was present In the majority ef the NCAM fnWWi. A 
second alternatively spliced 30 nt«i*on VASE (immuneglobulin- 
variable domain-like alternativeh/ spliced e*m) was present in ^ 
all NCAM transcript isofomrw at the exon 7/exon 8j imeben, 
YASE resulted In the Insertion of 10 amino adds into the 4th 
Immunwlobulin-lfre loop of the NCAM protein. Within the 
limha of the PCR methodoio^. no evidence far thepi^nce of 
mRNA containing exon 1 5. encoding the &™y^p\nspbfl*^ 
nositol-llnked (dPWinked) NCAM isoform in H69 cs*j was 
obtained. Considering that H6? «to «prw 2 major NCAM 
protein classes (NCAM- 1 80 and NCAM- 1 40), and that the 
VASE and AAG alternative mRNA splice variants result In 
minor difference* In protein sizes, at teast • P°nVP£** 
isoform* of NCAM might be expressed I in H69 cells that 
contribute to the binding Interactions of NCAM* 
D 1992 Wiley-Lbs. Inc. 

NCAM is expressed in lung tumors und its presence corre- 
lates with poor prognosis; (Kbbclaar *ra&. 1991; Moolcnaarrf 
uL 1990). Neural-cell-adhesion molecules (NCAM) are a 
family of closely related cell-surface siuloglycoprotcins in- 
volved in homo'tvpic and heterotypic cell-cell interactions. 
NCAM binds in a homophylic manner U, NCAM proteins 
bind to one another. The region of the NCAM polypeptide 
chat mediates the NCAM-NCAM interaction, determines a!so 
the affinity or NCAM for heparin (Reyes ttaL 1990). We have 
hypothesized thai the meja$ta|ic potential of SCLC is?. a.t,|<M^ 

... - • ... beWI^^^ 
NCAM undergoes a variety of post-translationat modifica- 
tions, including phosphorylation, sulphation, N-linked glycosy- 
late, and addition of a(2,8)-tinked polysialie acid chains 
(PSA). The latter modification influences NCAM-NCAM 
binding and might therefore interfere with intercellular adhe- 
sion (Rutlshauscrw«i£, 1988: Acheron cr«A. 199 

h^n^^^^^^^^m^rn^^^^s iri at least :4m laior 
protein informs. transmembrane polypeptides with MW 
of ISO and 140 W>a (NCAM-180 and NCAM-140, respec- 
tively) and non- transmembrane isoforms of NCAM- 1 15 and 
NCAM-120 (Bhat and Silbcrbcrg, 1988). NCAM-U5 and 
NCAM-120 are respectively secreted or unehorcd to the cull 
membrane via awalcnt linkage to glycosyl-phosphatidylinosi- 



tol (OPl) (Gower et aL 1988; Barton et aL 1988). Five 
different major size classes of mRNAs (7.2, 6.7, >,2, 4.3, 2.0 kb) 
encode theNCAM.pc^yj^ tyPQtipW'W* 
1988), ThSif^^ ^ 
located, <w j huaw (toow^aZXm- ™* gene 
consists of atflesif20 exans (Fig; 1) (Owens m «J. «8J). fiwn* 
0 to 14, coding for the extracellular domain of NCAM, have 
been found in all NCAM mRNAs thus far identified (number 
ing system for NCAM exons according to Owens et aL \ l )Hl). 
Exons 15 and 16 encode GPMinkage to the cell membrane and 
the transmembrane domain, respectively; the remaining exons 
cncjap^the'Wtcffl^ of NCAM. In addirion to the 

ttmi&lpthcr alternatively spliced exons have been fdenuhed, 
the expression of which is tissue-specific and/or development 
tally regulated (Dickson ei aL 1987; Small et aL 108X; 
TJi»nH^acft<.1^9; .Heniperley ct aL im)M^mi^ - t 

5^n«ridei inSw c^bobydnrte composition, ; >ut : also id 
^W^SW^™^ (Wtow 1989, 1990; Pi>H«- 

' Quantitative and qualitative changes in NCAM expression 
are observed during embryonic development- Modulation may 
be necessary for proper tissue segregation, and changes in the 
regulation of NCAM expression could therefore play a rule in 
tissue morphogenesis and in cell, motility (Edelmorn 1988). 

cel« **« tovedwff capacr 

KMeMteiui;; 1989; Andersson ctai, 1991)J For that reason. 

sVMBWtfttf^ ; 4tf^ ^ 

SwnKiBW^^Q'was performed using the polymerase chain 

reaction (PCR) technique with primers flanking various NCAM 
exon boundaries, 



MATERIAL AND METHODS 



Ceil lines and tissues 

The small-cell lung-cancer cell lines, H69 and Alc-3, were 
generous gifts of Dr. D. Carney (Dublin. Ireland) and Dr, a. 
Joncsma (Tie Netherlands Cancer Institute, Amsterdam), 
respectively. Neuroblastoma cell line CHP-2I2 was kindly 
provided by Dr. Schlesinecr (Schicsinger « i ji, 1976). m 
following cell lines were obtained from the ATCC (kockxhil. 
MD): A575, SK-N-SH. U-138 MO, U-373 MG. MCF-7, 
Ovcar-4andPK-ll- 

All cell lines were maintained in Dulbeccos moeiticu 
Eagle's medium supplemented with 10% FCS and aniiblotiuv 
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NCAM SPLICE VARIANTS IN SCLC 



j^VH >twt Northern blotting 

Toi :i RNA was isolated using the Lid (fetaJ tissues) or the 
fuanidiniumc-isothiocyanate technique (normal tissues cell 
lines) (Davis ctal t 1986). Poiy(A) + RNa was isolated by using 
0 |jgo(dT>cclluJose (Davis d aL, 1986). For Northern blotting 
..^ pj|y(A)" RNA was separated on 1% formaldehyde agarose 
*v ond & I jcls. and transferred to nitrocellulose (Schleicher and Schuell, 
basse], Germany) as described by Maniatis et aL (1982). 
Plasmid probes were radioactfvety labeled with a random- 
primed DNA labeling kit according to the instructions of the 
tnanufacturer (Boehringer, Mannheim, Germany). Primer 
pftihe pVASE (5'CTClTGCrTCTCTOOTCGAGTCCAC- 
CA.^ '.JC3') was end-IabcJcd with 32 P^ATP by T4 polynucle- 
otide kinase (Boehringer) in 0.1 M Tris/HCI (pH 9.5), 20 mM 

W^JL 0 ^ P 71 "' 6% *»n>l at 3TC duri °g 30 mJn. (Davis 
ttaL, 1986). Hybridization with pJasmid probes or pVASE was 
performed in hybridization buffer (6 x SSC f \Q% dcxtran 
sulfate, 0.5% SDS, Dcnhardt solution, 50 u.g/mi salmon 
sperm DNA) ai 63°Q After hybridisation, filters were washed 
3 times in 0.1 SSQ 0.1% SDS at 63°C (for plasmid probes) or in 
2SSC*tS8'C (pVASE). Blots were closed to KbSak-X-Omat 
AR films in the presence of intensifying screens. Before 
Nur^crri blots were re-probed, they were washed twice In 
0, 1 1 ■;■ >DS at 80°C and exposed to a film for 2 weeks to check 
for the absence of radioactivity. 

cDNA preparations 

Randomly primed first-strand cDNA was synthesized from 3 
(jg of mRNA (cell lines), or 10 ng of total RNA (tissues) by 
y "vene ttanscriotasc (AM&RT, Boehringer). mRNA 
was mcubated for 60 min at 3>C in 50 mM Tris/HCI (pH 8,3), 
40 mM KC1 6 mM MgCl 2 , Z5 mM D7T, 1 mM each dNTP 
(Boohnnger) in the presence of 200 ng random primers and 25 
udi of AMV-RT (mRNA + ). The negative control (mRNA^) 
underwent the same procedure, only AMV-RT was excluded 
from the reaction mixture, (=2 pj) of the reaction mixture 
was used as a template for each PCR. 
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16a (AACOGCAGCCCCACCTCAGG), 16b (GACAT- 

CACcracTAcrrccT), 1 

i 6 f ^2£^^^ TCTCCTT )> 19 * (GAAGTCAA- 
GACGGTCCCCAA), 

I9b (ATCATGCTTTGCTCTCGTTC), 19c (GGGTCCCTT- 
TGTTGCACACT). 

19d (GTTTGG CTGTGGGTTTAACC), 19e (AGCTA- 
GAAAGGGTGACACAC). 

Sequence data were obtained from Dl (DohcmmaLj 1989) 
and X9.5 (Dickson ct al % 1987), Part of the PCR products were 
radioactively end^iabeled (see RNA and Northern blotting) 
and analyzed on a 6% sequencing gel. Due to a difference in 
electropharetic mobility of both strands of the PCR product 
they sometimes appear as a doublet, For some of the minor 
bands a second round of PCR amplification was performed on 
isolated fragments lo increase the yield of DNA. They were 
analyzed by Southern blotting and hybridized (o an NCAM- 
1 f°^S£ Aprobc (Hindlll-BamHI fragment of Dl; Doherrytf 
aU 1989) as described by Maniatis et al{ ] 982). 

Cloning of PCR products 

u PC ^u^ gfI1 r nts wcre P uri ned by gel electrophoresis and 
phenol/chloroform extraction. Purified bands (7a-9b, lla-13b 
and !3a-J9c) were ligated into the Smal-site of pEMBL18 
(Proroega, Leiden, The Netherlands). Cloned PCR products 
were sequenced with a DNA sequencing kit according to the 
manufacturer's instructions (Sequenase 2.0, United States 
Biochemical Corporation, Cleveland, OH). 

RESULTS 



PCR 

To perform the PCR, we first had to identify the exon 
boundaries of the human NCAM gene in order to allocate the 
proper primers. Since the composition of the human NCAM 
gene is not yet known, we deduced its exon boundaries by 
comparison of the human NCAM sequence with the chicken 
NCAM gene. The NCAM gene is highly conserved between 
the species. A detailed comparison of exon-intron boundaries 
showed that the organization of the NCAM gene is conserved 

TABLE I - HOMOLOGY BETWEEN HUMAN AND CHICKEN NCAM c P N As 



Human woo number 



Homology to chicken 
NCAM (%) 



1992. 



PCR 

PCRs were performed as described by Innis et aL (1990) 

SSS ? lowing conditions in a 70-uJ volume: 10 mM 
J f,s/ ?CUPH 8.4), 25 mM KCl f 1.5 mM &CK 140 M Of 
eacM dNJr, 700 nM of each primer and 2 U ofTaq polymerase 
Cetus Emeryville, CA) Genomic DNA was first denatured at 
lutrt* dunng 5 rain and immediately chilled on ice before it 

SL?^-. M LSS^ m in a PCft reaction. d«DNA was 
dissocia ed at 90>C for 90 sec, the anneaJing step was at 55°C 
1 mm and the extension step at 70°C for 2.5 min. The 
reactions were subjected to 30 cycles of amplification. 

Nc£m ^/ni C ?! U [ oJ ' we d jM-Mg* cDNA clones of 

l^i^Pt}' Dohtr P'i aL > ^85)orGPHinkedNCAM. 

£/ *\ D i$*° n " aL > 1W7 )- ^ fol,owin S P^crc were 
us^d (nucleotides are given from a 5' to 3' direction): 

GATCT^TC^^^ A *'^^^^ 3a n^ATTGTGTGT^ 
O^SJSl^ 5a nOAATGCCAD 

^GA^^\^^^^^°^^^^ A ^ 7a (A^^CATATC- 

»• ^catcct. 

..J*S2ftsass .. .... pM-.'airnre^^; 

homology at the base pair level is indicated in the second row 
Sequence data were obtained from Dickson et aL (mi) and 

SteN&S}* 9 ' (human NCAM) and o^m « *M1«5 



10 
11 
12 
13 
14 
16 
17 
19 



39 (protein coding sequence: 83%) 

75 

7(1 

78 

68 

77 

72 

74 

78 

73 

75 

67 

73 

72 

78 

78 

51 (protein coding sequence: 76%) 



^AAATACAAACC). ' v — 

CCA^ (OMAAC. 



15 (GACAAAGGT* 
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in rat and chicken NCAM (Chen et aL 1990). The homology 
between chicken and human NCAM protein coding sequences 
is also very high (from 67% to 83%, see Tabic I). We now used 
the known exon organization of the chicken NCAM to deduce 
the possible position of exon junctions in the human NCAM- 
140 cDNA done (Dl) (Fig. t). On the basis of these data, 
primers were designed and used to determine the splicinc 
patten) of NCAM mRNA in H69 cells (Fig, 1), PCR reactions 
were performed on randomly primed cDNA with various 
primer combinations and its products were analyzed on 6% 
sequencing gels or agarose gels, using D I and X9.5 correspond- 
ing with NCAM-140 and NCAM- 1 20 respectively as positive 
controls. 

Primer combination I3a-I6c. With this primer combination, 
we found, in contrast to the 492 bp PCR product of control 
Dl-NCAM (Fig. 2, lane 17), a band with an estimated size of 
498 bp in H69 (Fig. 2, lanes 1.6 and 18). Sequence analysis of 
the cloned PCR product showed 6 extra nucleotides, [GT- 
CATG (a)], that were present at position 685 in \4.4 (Dickson 
et aL, 1987). a was not located at a predicted exon boundary, 
but was situated within the trans-membrane coding domain of 
exon 16, a was found within exon 16 when genomic DNA was 
analyzed with primer combination 13a-16c (data not shown). 
We also analyzed several other NCAM-exprcssing ceil lines 
(A375, Ovcar-4, SK-N-SR AlcO, CHP-212) for the presence 
of a, using PCR methods. In all ceil lines, only PCR products 
containing a were detected (data not shown). Sequence 
comparison between the trans-membrane domains of rat, 
mouse, chicken and human NCAM again revealed that only 
control Dl-NCAM lacks the 6-bp insert. The absence of 
lntrons in exon 16, in spite of the presence of a. excludes the 
possibility of alternative splicing in this region. The absence of 
ct in Dl is, therefore, due to a cloning artefact or represents a 
rare genetic polymorphism. Studies by Hemperley et al s 1990, 
have independently confirmed the presence of a in exon 16 of 
at least 8 NCAM containing cell lines. 

Primer combination Ila-I3b, The PCR products of H69 with 
these primers differed from Dl (Fig. 2, lanes 14 and 15), 
Sequence analysis of this PCR product revealed an additional 

^ n n UCl l 0tideT AAG ' at thc exon We* 0 * 13 junction in the 
H69 mRNA (Fig, 3), resulting in the expression of Gin and Gly 
instead of Arg. The AAG triplet has been described in human 
mouse, rat and chicken NCAM cDNAs, whether or not in 
combination with other alternatively spliced exons (Andtrsson 
et aL 1990; Hemperley et aL, 1990; Santoni et a/., 1989), and is 
located m the corresponding hinge region of the NCAM 
protein (Santoni etaL 1989). 

Various other alternatively spliced exons have been de- 
scribed at the exon 12/exon 13 junction (SEC, MSD (Gowcr ei 
aL, 1988; Dickson et aL, 1987). Our results show that at the 
exon 12/exon 13 junction in NCAM transcripts of H69 cells 
only the trinucleotide AAG is present. Exon SEC (239 bp) is 
not present providing evidence that H69 ceils do not express a 
secreted NCAM^SEC isoform. K 
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FIGURE 2- NCAM PCR products in H69. PCR reactions were 
performed with various primer combinations; primers lu-3b; Innc 
Dl >' Primers 3a-5b; lane 4, 5 (+,D1), primers 5a-7b; 
ane 6 7, 8 (+, Dl), primers 7a-9b; lane 9, 10 (+. Dl), primers 
9a-1lb; lane U, 12 (+, Dl). primers lla-13b: lyric 13, 14,15 

m ? nm ^? ^ a ; 16ci lanfi l6 < 17 > «* (+- D '> +). pnmcrs 
19a-l9d; lane 19, 20, 21 (+, - Dl), primers 1 9c-l9e; lane 22. 23, 

24 ^Zl D il\? nin !? rt 13a ' l9b: lane 25 (+)- ^ templates, wc 
used H69 mRNA, whether or not transcribed into cDNA in the 
presence or absence -rf AMV-RT (+) or (-) (.sec -Material and 
Methods") or DL On the left, DNA MW murker VI (Bochrinuerj 
is given. Primer combinations used arc indicated at the top, 
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Figure 1- Schematic representation of the exon junction* in 
the human NCAM-140 cDl$A Dl (Owens * aL 1987) l The exon 
J ™'> S Ot ? 1 wefe dcducecJ f ™ lhc Sicken NCAM 
tS^SS KT*"*?* c ? m P ariso *' Above the scheme are the 
SS.T^ 15, H? w the Schcme ' tnc Position and numbers of the 
S i q ^n!? 6 "" T . he ln,flSCr ip«ion of exon 15 instead of exons 16 

N^lSfS^ mRNAs containing exon 18 code for the 



GPNtnkugeofH69NCAM. With primer combination I la-|5 
we analyzed the presence of an mRNA that can encode u 
GPWinked NCAM-isoform in H69 cells. In contrast to th*i 
positive control (Fig. 4, lane 5), no amplified product could hi; 
detected in H69 when the GPI^pecific primer 15- was used 
(Fig, 4, lanes 3 and 4). The H&9 cDNA gave results as expected 
with primer combination 13u-19b (Fig. 4, lane I), ensuring 
that the synthesis ot'cDNA was correct. We conclude from this 
experiment that no OPUinkod NCAM isoform is detectable in 
H69 eel Is, 

Primer combination 7u~9b. In addition to the 448-bp Dl PC R 
product, a band of 478 bp is found in This alternative 
splicing event was not observed in all NCAM mRNAs (Fig. -< 
lane 9). After sequencing of the cloned 478-bp PCR product. 
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Figure 3 - Exon 12/exon 13 junction of NCAM aiRNA in H69. 
fa) Sequencing gel of the lla-13b PCR product; the position of 
the trinucleotide AAG is marked (b) The nucleotide and amino 
acid composition of the exon 12/exon 13 junction of H69 (top) (the 
trinucleotide AAG is underlined) and Dl (bottom). 



w-: lentified a 30-bp VASE exon at the exon 7/exon 8 junction 
(I' „: . 5). The 30-bp VASE exon was first described in NCAM of 
rat brain (Small et al, 1988), and appears at the amino acid 
level by comparison with the human VASE sequence fully 
homologous to the rat VASE sequence. 

Primer combinations 29a-19d, t9c-19e. The extra bands 
indicated in Figure 3, lanes 21 t 22 and 24, appeared upon 
hybridization to NCAM probes to represent PCR artefacts. 

VASE expression in other tumor evil lines 

" 'ASE was also expressed in human fetal brain (12 weeks of 
gc ,;ation) and in various other tumor cell lines. The tumor cell 
lines Alc-3 (SCLC), CHP-212, SK-N-SH (neuroblastoma), 
A3 75 (melanoma), Ovcar-4 (ovarium carcinoma) and U-373 
MG (glioblastoma, astrocytoma) all express NCAM on their 
ceJJ surface (Moolenaar et al., 1990; data not shown). With 
PCR using primers 7a-9b we could identify the 448-bp band 
that represents the normal exon 7/exon 8 junction, as well as 
the 478-bp band that contains the VASE sequence (Fig. 6). 
The 478-bp band is also visible in Ovcar-4 after longer 
exposure time. 
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Northern blot analysis of VASE expression 

The different NCAM mRNAs are generated by alternative 
splicing and/or by polyadenylation from a single NCAM gene. 
^ major NCAM mRNA size classes of 7Z 6.7, 5.2, 4,3 and 
2.9 kb are found in normal human tissues (Gower etai> 1988). 
To determine with which sub-set of mRNAs VASE is associ- 
ated, hybridizations were carried out with the pVASE that is 
complementary to the VASE coding sequence. No NCAM 
mRNA was detectable in the NCAM-negativc cell line PKl i 

V , g ' Hi}**}* 2 ^ At leas£ 4 ma J° r mR NA Si2e classes (6.7, 4.3, 
4. J and 2.9 kb) were detectable in the cell lines U-138 MG and 
A375 (Fig. la, lanes 1 and 6). Ovcar-4 and CHP-212 expressed 
if, r ' 1^ and 4 *°" kb ^scripts (Fig. 7a. lanes 3 and 5). The 
cell hne H69 expressed the 7,2-, 6.7-, 4,3- and 4,0-kb NCAM 
transcripts (Fig. la, lane 4), also other minor transcripts are 
actectablc (indicated by arrows). The upper minor band might 
oc a gel-running artifact, due to the presence of the 28S 
nbospmai RNA band or is an unidentified new NCAM mRNA 
size class of 4,5 kb. 

, r W \ c . n s *NA was hybridized to the VASE-specific probe 
f J "'f /?),,all NCAM transcripts also hybridized to pVASR 
IUS?f l H that VASE is associated with all of the NCAM 
mRNAs. Some variation was seen in the VASE expression; the 
fraction of VASE containing NCAM mRNAs was higher in 
A375 when compared with U-138. Ovcar-4 and CHP-212 
(compare Fig. 7a with 76). Equal amounts of mRNA were 
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1 2 3 4 5 

Figure 4-GPI-linkage of H69 NCAM. PCR reactions were 
performed with primer combination 13a-19b (lanes 1, 2), or 
primer combination (lanes 3 to 5). As templates, we used 

H69 mRNA, whether or not transcribed into cDNA in the 
presence or absence of AMV-RT (mRNA*, lanes 1 and 3, or 
mRNA-, lanes 2 and 4, respectively, see "Material and Methods") 
or )l9,5, lane 5 (Barton et al, 1988). 



loaded in lanes 1, 2, 3, 5 and 6, as was verified by hybridization 
with a GAPDH-specjfic probe (data not shown). 



these 

alief&ttond may involve adhesion molecules binding to extracel- 
lular matrix components, or interacting with neighbouring 
cells. Expression of the adhesion molecule NCAM in lung 
tumors correlates with poor prognosis (Kibbelaar et aL 1991). 
Since NCAM is expressed in multiple protein isoforms, which 
may differ in their adhesive properties, we have set out 10 
analyze more precisely the NCAM variants expressed in 
various types of lung tumor. In this study, we analyzed the 



NCAM transcnpjf, ,&re Jcnpwii to be expressed in some normal 

P^-#?ft^-™ifiW of ' 

. , r /:ttu*ior*spedific:N(^^ hiededi'" 

^'Expression of the 7.2^ and 6.7-kb mRNA, coding for 
NCAM-180 and NCAM-140 respectively, coincides with the 
presence of both protein isoforms in H69 cells. The secreted 
NCAM isoform encoded by a 5.2-kb NCAM mRNA (Gower *r 
al> 1988) is not detected in H69 cells by Northern blotting or 
by PCR analysis. These results «rc in line with our previous 
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H69: AAG GCT TCG TGG ACT CGA CCA GAG AAG CAA GAG ACT CTG GAT GGG 

KAS WTRP EKQ E T LOG 
RAT: AAG GCA TCG TGG ACT CGA CCA GAG AAG CAA GAG ACT CTA GAT GGG 

KAS WT RP EKQ ET LDG 



01: 



AAG ACT CTG GAT GGG CAC ATG GTG GTG CGT TAA GCC 



Figure 5 - The human VASE sequence. Nucleotide and amino acid composition of the VASE containing exon 7/exon 8 junciion i 
NCAM mRNA in H69 (top) and rat (middle; Small et ai t 1988) is compared with DI (bottom row). The VASE exon is underlined. 
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Figure 6 -VASE containing mRNAs in tumor cell lines. 
Amplified products of primer combination 7a-9b were analyzed in 
various cell lines; DI (lane 1), H69 mRNA" (lane 2), H69 mRNA* 
(lane 3), MCF-7 mRNA* (lane 4), A375 mRNA* {lane 5), 
Ovcar-4 mRNA* (lane 6), SK-N-SH mRNA* (lane 7), Alc-3 
mRNA + (lane 8) T U-373 MG rnRNA + (lane 9), CHP-212 mRNA+ 
(lane 10), and in human embryonal brain mRNA - (lane tl), 
human embryonal brain mRNA* (lane 12) (sec also the legend of 
Fig. 2). PCR product sizes arc indicated on the right. 

finding that only NCAM-180 and NCAM- 1 40 proteins are 
prcs^m^^^Jl^^oolenaarertf/ (> 1990). 



rg-n^w*. — ^r-^^^-^pwgw^Jiis trinucleotide has 

been described by others, aria is usumljr observed in combina- 
tion with other alternatively spliced exons (SEC MSD; Gower 
et at.. 1988; Dickson et al t 1987; Thompson et ai T \W; 
Hemperley etaL 1990), but appears from our study and that of 
Santoni etaL (1989) also without these exons. The position of 
the exon I2/cxon 13 junction corresponds with the hinge 
region of NCAM (Hall and Rutishauer, 1987). The alteration 
due to this trinucleotide insert, the replacement of Arg by Gin 
and Gly, is only modest, ft therefore remains unclear whether 
this alteration affects the binding properties of NCAM. 

Wc have identified another alternative splicing event in the 
region coding for the fourth imrnunoi?lobulin-likc loop. We 
found a 30-nt VASE exon inserted at the exon 7/cxon 8 
junction of all NCAM mRNAS, confirming the findings of 
Andersson et al (1990) and Small et al (19S8) that all NCAM 
mRNA siee classes consist of 2 forms, one with and one 
without the VASE exon. These authors suggested that expres- 
sion of the VASE exon correlates with differentiation, since 
the VASE expression increased during development from 3% 
in embryonal whole rat brain to 40 to 45% in adult brain (Small 
et ai t 1988). This might also account for the various VASE 

ZR^W^te^cTian^ in the adhesive properties of tumbir -cells 
(Fidlcr, 1990). Malignant cells are able to detach from the 
primary tumor and disseminate to distant sites. Several adhe- 
sion molecules that could be involved m this process have been 
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2.9. 



B 

Figure 7 - AJI NCAM RNA transcripts contain VASE. Poly(A) > 
RNA (10 ng/lane) from U138 (lane J), PKll (lane 2), OvcaM 
(lane 3), H69 (lane 4), CHP-212 (lane 5) and A375 (lane 6) were 
subjected to Northern blot analysis. The filter was probed with ;i 
918-bp PstI fragment of DI (ah and pVASE (b). mRNA sizes are 
indicated on the left, the positions of the ribosomalRNAson the right. 




<$®j(ffrrp^^ on tumor cells 

may be involved in" this process in various wavs; (1) by a partial 
or total reduction of NCAM, as was found in model systems of 
the rat and mouse (Linneman et aL 1989: Andersson et aL 
199J) and in neuroblastoma cells overexposing N-mvr (Akc- 
son and Bernards, 1990); (2) via secretion or release of 
membrane-bound NCAM in the intcrstitium. Soluble NCAM 
could compete for binding to membrane-bound NCAM. and 
may thereby interfere with NCAM-mcdiatcd intercellular 
adhesion. The absence of the SEC exon and of exon 15 in H69 
NCAM mRNAs, however, indicates that H69 cells do not 
secrete NCAM proteins via this mechanism; (3) via the 
expression of other alternative spliced NCAM variants with 
different binding properties. VASE could be such n relevant 
NCAM variant. Various functional properties have been 
suggested for this VASE insertion: duplication of the ho- 
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^opi yiic binding site, or interference with functional sites 
caufc-'d by a conformational change (Small et al., 1988). 
Transection studies with NCAM cDNAs that contain or lack 
VASE to test this hypothesis are under way; (4) via post- 
transiational modifications. Attachment of polysialicacid (PSA) 
0 n NCAM could interfere with cellular interactions. The 
highly negative charge of PSA inhibits not only homophylic 
binding of NCAM, but is also postulated to interfere with 
interactions of other CAMs with their ligands (Rutishauscr et 
aU 198S; Acheson et al, 1991). We have shown that, as in 
Wilms' tumors, highly siajylated NCAM is expressed in lung 
tuners (Moolenaar*/fl£ f 1990; Kibbelaar era/., 1989). Further 
stuuics on PSA expression in various neuro-endocrine lung- 
tumor types (SCLC, carcinoids) revealed that the presence of 



PSA is associated with the more aggressive types, /.<?„ atypical 
carcinoids and small-cell lung carcinomas (data not shown ). 
In addition to the post-translational modification of tumor 

fl^^^^^tov, A Tbe insertion of 'the !\AG trinucleotide 
antt/tfr the VASE exon may well influence the binding proper- 
ties of NCAM, as is known for the addition of PSA 
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